ABSTRACT. The aim of the study was to determine interrelationships between bone tissue metabolism indices and morphological, biomechanical and densitometric properties of hard dental tissues. First primary maxillary incisor from 6-month-old pigs (N=27) was evaluated in terms of weight and length. Mean volumetric tooth mineral density, total tooth volume, enamel total volume, enamel volumetric mineral density, dentine total volume and dentine volumetric mineral density were estimated with the use of quantitative computed tomography and micro computed tomography techniques. Tooth mineral density and tooth mineral content were evaluated with the use of dual-energy X-ray absorptiometry. Microhardness of enamel was measured using Vicker's test. Evaluations of total calcium, ionized calcium, magnesium, phosphorus, alkaline phosphatase, bone alkaline phosphatase, osteocalcin, C-terminal telopeptide of type-I collagen (CTX), insulin-like growth factor-1, growth hormone and parathyroid hormone were performed in plasma and serum samples. Pearson's correlation coefficients were determined between all the investigated variables, and P<0.05 was considered as statistically significant. The obtained results have shown mainly mutual dependences between biochemical indicators of bone metabolism. Evaluation of CTX concentration in serum of pigs has shown the highest predictive value in relation to morphological, densitometric and biomechanical properties of teeth. KEY WORDS: bone turnover marker, densitometry, quantitative computed tomography, swine, tooth.
Odontogenesis is a precisely controlled and complex process which results from cell-to-cell interactions. Numerous physiological factors influencing and reflecting metabolism of the mineralized tissues may be useful for prediction of the formation processes and morphometric, densitometric and mechanical properties of teeth. Very little is known on the interrelationships between biochemical bone metabolism markers, hormones, growth factors and tooth properties resulting from the course of formation processes. However, previous studies have shown interferences between tooth development and bone morphogenetic proteins (BMP), bone sialoproteins, alkaline phosphatase and osteocalcin involved in a wide range of signalling functions mediating tissue interactions during development [3] . Comparing to small animal models such as rodents, large animal models are more attractive for the analysis of the relationships between physiological factors influencing odontogenesis process and tooth properties in many aspects [33] . Considering numerous anatomical and physiological similarities of the masticatory system such as heterodonty, difiodonty and bunodonty in humans and domestic pigs, one might easily conclude that results from studies of physiological factors influencing tooth development in pigs may be interpolated to humans. Swine teeth may be used as substitutes for human teeth in studies on adhesion and amelogenesis, because they are more similar to human teeth than the teeth of other mammals in relation to shape, size, morphology and period of development [17, 20, 24, 26] . Swine teeth possess mineralization pattern of enamel comparable to that of humans [6] . It is considered that composition of swine enamel is similar to human enamel [2, 20] . Experimental studies on skeletal system have also confirmed similarities between bone growth plate structure and mineralization process in humans and pigs [27] . Furthermore, in both these species, digestive system structure, function, digestion processes course, and absorption of nutrients and macro-and microelements are very similar, confirming great value of pig model for investigations on the influence of dietary and pharmacological factors administered orally on mineralized tissue properties, both dental and skeletal [1, 19, 21] .
Bone, dentine, cement and enamel are 4 types of hard tissue in mammals. Except for enamel, they are all specialized types of tissue, where type I collagen contributes significantly to the structure. Enamel does not arise from connective tissue and does not contain collagen; however, its formation follows the principles common to the formation of mineralized tissues. Hard dental tissue formation can be summarized as a process in which specialized cells secrete an organic matrix that can be mineralized, mainly by calcium and phosphates. Among cells participating in the formation process of hard dental tissues, osteoblasts, odontoblasts, cementoblasts and ameloblasts play a central role. They all have structural and functional features characteristic of active secretory cells [11] .
There is a prevalent absence of literature data on the interrelationship between bone tissue metabolism markers in serum and the morphological, biomechanical and densitometric properties of hard dental tissues, both in humans and animals. Thus, the aim of this study was to answer the question of what value is the assessment of serum biochemical indices of bone turnover in relation to the metabolism and to morphometric, densitometric and mechanical properties of teeth. To accelerate bone mineral metabolism in terms of formation and resorption in the growing animals, the current study was performed on both the control and experimental pigs subjected to exclusive or combined long-term administration with dexamethasone and nanopartical calcium. As shown in previous studies, long-term treatment with glucocorticoids and dexamethasone inhibits bone formation and accelerates bone resorption [28] . Contrary to dexamethasone treatment, calcium administration in rational dosages in mammals improves bone formation processes leading to higher bone mass acquisition and improved bone mineral density [14, 23] .
Considering common principles of bone tissue and teeth formation and their mineralization, the aim of the study was to determine interrelationships between bone tissue metabolism indices and morphological, biomechanical and densitometric properties of hard dental tissues. The evidence of common associations between tooth properties and biochemical bone turnover markers would be useful to evaluate hard dental tissue metabolism and predict tooth quality, similarly to the interrelationships observed between skeletal system traits and serum bone formation and resorption indices.
MATERIALS AND METHODS
The experimental procedures used in this study were performed in accordance with the "Guide for the care and use of laboratory animals" (approved by the National Research Council) and approved by The Local Ethics Committee on Animal Experimentation of Medical University in Lublin.
Experimental design and sampling procedure: The investigation was performed on 27 male piglets of Polish Large White (PLW) breed kept with their mothers until the weaning on 28th day of life and sacrificed at the age of 6 months. Animals were kept in standard rearing conditions and had permanent access to fresh water and fed ad libitum with a feed designed for their appropriate stage of growth. Piglets were reared in a specialized farm and supervised by a veterinarian.
At birth, the piglets were divided into 4 groups. The 1st control group (N=7) received placebo (physiological saline) as intramuscular injection. The 2nd group (NanoCa group; N=7) had nanopartical calcium (Ace Nano Calcium, NanoTechWorld, Pohang, Korea) administered per os. The 3rd group (Dex group; N=7) was receiving dexamethasone (Dexamethasone 0.2% solution) in intramuscular injections at a dose of 1 mg/kg b. w./48 hr. The 4th group (NanoCa/ Dex group; N=6) received simultaneously per os nanoparticle calcium and dexamethasone (Dexamethasone 0.2% solution; Rapidexon, Novartis, The Netherlands) in the same dosage as the 3rd group. The injected volume of saline in the control group was identical to the volume of dexamethasone administered in the groups Dex and NanoCa/ Dex. Nanopartical calcium was administered per os in the 2nd and 4th groups at 2 different dosages − namely 250 mg/ pig/day (since birth up to 4 months of life) and 500 mg/pig/ day (up to 6 months). Long-term exclusive or combined administration with dexamethasone and nanopartical calcium was applied in this study to accelerate mineral metabolism in bones and hard dental tissues of the experimental animals. Euthanasia of animals was carried out on day 180 of age with the use of Morbital (Biowet, Pulawy, Poland). Before animals were sacrificed at the age of 6 months to isolate the first primary incisor for analyses, they were all weighed and blood samples were harvested. After the euthanasia, teeth samples were harvested and cleaned and their morphological properties such as weight and length were determined. Tooth length was measured on the convex surface. The obtained teeth samples were physiologically developed and have not shown any pathological changes such as partially reabsorbed roots, excessive crowns wear or crown structure damage. The samples were kept at room temperature in saline solution until further evaluation.
Morphological, biomechanical and densitometric evaluation of teeth: Mean volumetric tooth mineral density (MvTMD) and total tooth volume (Tvol) were determined using quantitative computed tomography (QCT) method and Somatom Emotion-Siemens apparatus (Siemens, Erlangen, Germany) equipped with Somaris/5 VBIOB software (version B10/2004A). For Tvol and MvTMD determinations the volume-of-interest was defined between minimum and maximum density of the investigated samples at 0 and 3071 Hounsfield units, respectively. The measurement of MvTMD reflected mean density of all hard tissues in a single tooth. Micro computed tomography technique (SkyScan n.v., Kontich, Belgium) was used to determine enamel total volume (Evol), enamel volumetric mineral density (E VMD ), dentine total volume (Dvol) and dentine volumetric mineral density (D VMD ). Areal tooth mineral density (TMD) and tooth mineral content (TMC) were evaluated with the use of dual-energy X-ray absorptiometry (DEXA) method and Norland XR-46 apparatus, supplied with Research Scan software (Norland, Fort Atkinson, WI, U.S.A.). Microhardness of enamel of the first incisor was measured by the Vicker's microhardness test (Hanemann type 100 apparatus, Zeiss, Jena, Germany). To evaluate mechanical properties of enamel, the samples were embedded in acrylic resin polymerizating at room temperature and polished to prepare longitudinal section of the investigated samples.
Biochemical analysis of serum: Determination of plasma concentrations of total calcium, ionized calcium, magnesium and phosphorus was performed using automatic Vitalab Flexor analyzer equipped with ion-selective electrodes (AVL List GmbH, Graz, Austria). Alkaline phosphatase (ALP) activity in serum was determined using colorimetric method. Measurement of bone-specific alkaline phosphatase (BAP) concentration in serum of pigs was performed with the use of an immunoenzymometric assay − IEMA (OCTEIA™ Ostease ® BAP, Immunodiagnostic Systems Ltd., Boldon, Tyne and Wear, UK). Serum concentration of osteocalcin (OC) was assessed with the use of commercial MicroVue Human Osteocalcin EIA Kit (QUIDEL, San Diego, CA, U.S.A.). Serum level of C-terminal telopeptide of type-I collagen (CTX) was evaluated using Serum CrossLaps ® ELISA (Immunodiagnostic Systems Ltd., Boldon, Tyne and Wear, UK). Growth hormone (GH) concentration in serum was determined with the use of ELISA Kit (USCN Life Science Inc., Wuhan, PRC). Serum level of insulin-like growth factor-1 (IGF-1) was determined using the commercial im- Statistical analysis: Statistical analysis of the data was performed using Statistica software (version 6.0). Pearson's correlation coefficient (r) was determined between all the investigated variables in teeth, plasma and serum, and P<0.05 was considered as statistically significant.
RESULTS
The values of Pearson's correlation coefficient between all the investigated parameters of teeth and serum in male pigs at the age of 6 months are shown in Table 1 . Final body weight of pigs was positively correlated with serum concentration of IGF-1 and OC (P<0.05). Serum concentrations of BAP and ALP were found to be positively correlated (P<0.05). Total calcium concentration was positively correlated with OC level, while its negative correlations with MvTMD and CTX concentration in serum were found (P<0.05). Serum magnesium content showed negative correlations with length and total volume of tooth, and positive correlation with CTX concentration. Phosphorus concentration in pigs serum showed negative correlations with weight, length, total volume and TMC of tooth as well as IGF-1 concentration in serum (P<0.05). Significant positive correlation was stated between weight and length of tooth (P<0.05). Moreover, both these parameters were positively correlated with Tvol, TMD, TMC, Evol and Dvol, while their negative correlations were stated with GH and CTX concentrations in serum (P<0.05). Significant positive correlation was stated between Tvol and TMD (P<0.05). Both these parameters were positively correlated with TMD, Evol and Dvol, while negative correlations were confirmed with serum GH concentration (P<0.05). Tooth mineral content was positively correlated with Evol and Dvol, while negative correlations of this parameter with CTX and GH concentrations in serum were found (P<0.05). Enamel total volume was positively correlated with Dvol and negatively correlated with GH content in serum (P<0.05). Dentine total volume was found to be negatively correlated with both GH and CTX concentrations in serum of pigs (P<0.05). Enamel volumetric mineral density was positively correlated with dentine volumetric mineral density (P<0.05). Serum content of CTX was found to be positively correlated with GH concentration and negatively correlated with IGF-1 concentration (P<0.05). However, neither positive, nor negative significant correlations were confirmed whilst investigating ionized calcium content, PTH concentration and enamel microhardness (P>0.05).
DISCUSSION
So far, there have been no reports in literature pertaining to comparison of DEXA, QCT and µCT methods in measurement of densitometric properties of hard dental tissues either in humans or animals. DEXA method utilizes the phenomenon of absorption of X-rays which penetrate the examined object. DEXA method may be used to measure tooth mineral density (TMD) at the particular region of interest (ROI) of sample or for the whole sample. The results of measurements are given in mineral density expressed as g/ cm 2 . Apart from the TMD, DEXA allows the measurement of tooth mineral content (TMC), which is expressed in grams. The drawback of this method is the possible miscalculation of the measurement due to the presence of surrounding soft tissues, degenerative changes and osteophytic spurring [9, 13, 16, 29, 30] . The second used method in this study is quantitative computed tomography (QCT) that allows for separate measurement of volumetric bone mineral density of the trabecular and cortical bone compartments (expressed in g/cm 3 ) as well as determination of mean volumetric tooth mineral density (TvBMD) and total tooth volume (Tvol). In contrast to DEXA, QCT eliminates the error in mineral density measurements present in the former method [4, 8, 10, 15] . However, the resolution for miniature samples analysis is too small to provide precise results and relatively high doses of X-rays are emitted during the scanning procedure, which might not be particularly beneficial for living subjects. The most precise of the methods applied in densitometric evaluation is the micro computed tomography technique (µCT), as it allows for measuring both the volume and mineral density in tooth, separately for the enamel and dentine. The disadvantage of this method is the long time of exposure and ability to scan relatively small samples, which is a real disadvantage when studying bones [7, 12] . The results obtained in the current study indicate that the highest value of QCT method for investigations of tooth properties results from its application in the assessment of morphological properties, because there appeared significant correlations of Tvol with weight and length of teeth. It has been shown the strong positive correlation of Tvol determined with QCT method with Evol and Dvol estimated with µCT method. Positive correla- tions of Tvol with the parameters measured with the use of DEXA method have also been found, which does not seem to be a surprise since one considers that the results of TMD measurement in the investigated samples are size-dependent. Similar observations were obtained in studies on pig model where bone sample volume was positively correlated with its mineral content. Contrary to our investigations with the use of teeth, those studies were performed on lumbar vertebrae model [31] . High diagnostic value of the measurements performed with the DEXA method was confirmed by positive correlations of TMD and TMC with morphological parameters of teeth such as weight and length of teeth. Moreover, the enamel volume and dentine volume measured with µCT method, and total tooth volume determined with QCT were found to be positively correlated with TMD and TMC. Application of the µCT method in experimental approaches to evaluate properties of teeth also seems to be very precise and valuable due to the observed significant positive correlations between the Evol, Dvol and Tvol, as well as TMD and TMC. On the other hand, significant correlations of EvMD and DvMD with other investigated variables were not stated. Unfortunately, the comparison of the results obtained from tooth evaluations with all these radiological methods to other literature data is difficult, since such investigations on teeth have not been previously reported. In studies on humans at advanced age, negative correlations between parameters determined in bones with a use of DEXA, QCT and µCT methods and patient age were stated. However, these negative correlations with age were site-specific and obtained in differentiated localization in the skeleton for each diagnostic method. The fact that the observed interrelationships were stated only in postmenopausal women is also noteworthy [18] .
Among serum biochemical indicators of bone tissue metabolism, the determination of CTX concentration is the most valuable for prediction of morphological and densitometric properties of teeth. This statement is confirmed by the observed negative correlations of this marker of bone resorption with total plasma Ca concentration, weight and length of tooth, tooth mineral content and dentin volume. Interestingly, negative correlations of CTX with IGF-1 were obtained, the latter of which is considered a stimulant factor in growth and development processes and mineralization of bone tissue [25] . These data may suggest that lower level of IGF-1 is associated with reduced rate of growth and development processes, not only for bone, but also for hard dental tissues. This assumption is in accordance with experimental data from humans and animals where functional impairment of the somatotrophic axis function resulted in hypodontia, microdontia, and permanent teeth eruption failure and bone growth retardation [34] . The current studies have shown mainly the mutual dependence between serum biochemical indicators of bone metabolism which does not refer to the morphological, densitometric and biomechanical features of teeth. Except for CTX, the assessment of serum biochemical markers of bone turnover has shown limited prognostic value in relation to the investigated traits of teeth. Thus, prognostic benefit of biochemical bone turnover markers evaluation seems to be diminished to the area of bone status prediction in the mandible, especially in terms of effectiveness of bone metabolism disorders therapy. Clearly, evaluation of serum biochemical indices of bone turnover can not simply replace densitometry for diagnosis of impairments within hard dental tissue and skeletal disorders [5, 32] . The evaluation of parathyroid hormone and ionized Ca concentrations has not shown mutual interdependencies in relation to all the investigated parameters and has shown their limited importance in assessment of morphological, densitometric and biomechanical properties of teeth. Similarly to our results, in studies on 50 individuals with developmental dental disturbances, plasma PTH and calcium concentrations were not associated with enamel hypomineralization and hypoplasia [22] . In our study, enamel microhardness was not correlated with all the investigated parameters, indicating the lack of interrelationships of serum bone turnover indices to predict its biomechanical characteristics, at the same time confirming its functional difference in relation to bone tissue. Positive correlation of growth hormone and C-terminal telopeptyde of type I collagen and its negative correlations with tooth weight, length, total tooth volume, enamel volume, dentin volume, total tooth mineral density and total tooth mineral content also seems to be surprising. Therefore, further studies on pig model in this area are needed.
In conclusion, this study has shown mostly the mutual dependence between biochemical indicators of bone metabolism, but except for CTX their predictive value in relation to morphological, densitometric and biomechanical features of teeth was not confirmed. This study has shown that radiological methods used for assessment of bone mineral density such as DEXA, QTC and µCT would also be useful for experimental studies on tooth properties.
